Abstract-The depolarization fields play an important role in terahertz experiments on nanostructured samples with complex nanoparticle morphologies and percolation pathways. Namely, their effects can hide or distort peculiarities of nanoscopic charge transport in the spectra measured on these structures. We calculate the local fields for a large number of percolated and non-percolated two-dimensional model structures by numerical solving of Maxwell equations in the quasi-static limit. The results strongly suggest that in a broad family of structures a simple effective medium approximation model can be applied to characterize the effective response. The model consists in an equivalent circuit composed of a resistance accounting for the percolated chains with an additional parallel RC-branch describing the non-percolated part. The physical meaning of this model is discussed in the frame of the Bergman spectral representation of effective medium. We show a recipe for the retrieval of a response connected to the depolarization fields and to the nanoscale transport mechanisms from transient terahertz spectra. Finally, we use the model to interpret our THz photoconductivity spectra in various TiO films with nanofabricated percolation pathways.
tructured semiconductors or in semiconductors disordered on the nanoscale [1] [2] [3] . Such semiconducting systems are linked to a wide range of important industrial applications: fast conductivity in amorphous and nanocrystalline silicon [4] [5] [6] , in organic semiconductors [7] , graphene [8] and in dye-sensitized semiconductor nanoparticles [9] was investigated in an effort to achieve low-cost, easy-fabrication devices for photovoltaic and optoelectronic applications (solar cells, thin-film transistors, light-emitting diodes, etc.) [3] , [10] . The absence of long-range crystal order fundamentally complicates the charge transport in these materials.
In the terahertz regime, a subpicosecond time resolution can be achieved and the transport of charges over units to several tens of nanometers is mainly probed. These are quite appropriate time and length scales of ultrafast carrier trapping at nanocrystal surface states and short range transport inside and among individual nanocrystals. In addition, a non-contact fashion of carrier injection and probing allows one to overcome a number of experimental difficulties.
The basic results of optical pump-terahertz probe experiments [11] are complex photoconductivity spectra in the terahertz range, which usually vary as a function of the pump-probe delay . The spectral behavior of this complex response function is crucial for understanding the conductivity mechanisms and the degree of charge localization. To get an intuitive insight into the problem an analogy can be found with simple electrical circuits [2] . The response of delocalized carriers is characterized by a self-inductance which describes the inductive screening of the applied field, while the energy loss of carriers due to scattering is described by a resistance . The complex conductivity of this process is then proportional to the admittance of their serial connection:
; note that this expression is equivalent to the Drude conductivity formula with a momentum scattering time equal to . Hence of delocalized carriers always exhibits a positive sign (inductive response) and decreases with frequency. For localized carriers, the polarization created by the carrier transport takes over the induction and an essentially capacitive character of the response is obtained with a negative imaginary part and a positive increasing real part of the conductivity:
. Within this analogy a superposition of several conductivity mechanisms (e.g. populations of delocalized and localized carriers which are spatially separated or carrier-exciton system) can be described by circuits connected in parallel.
A more detailed picture of the charge transport and dynamics can be obtained by means of a suitable microscopic model which needs to be confronted with the experimental data. However, we emphasize that the measured spectra represent a macroscopic response of the sample which can, in principle, substantially differ from the microscopic one, . This is due to an inherently inhomogeneous nature of the sample composed of nanoparticles or containing complex percolation pathways. We define a microscopic mobility of a charge carrier as a microscopic conductivity per single unit charge. This is a response function of the carrier to the local electric field at the place where the charge is actually located. In the experiment, the quantum yield of photoexcited carriers is frequently not a priori known with precision and, consequently, it is difficult to evaluate directly the photocarrier concentration without any additional assumptions; on the other hand, the measurement of the pump fluence incident on the sample provides the number of excitations (absorbed photons)
per laser pulse and per unit volume. We introduce so called yield-mobility product: (1) In many experimental conditions, when the measured ultrafast dynamics is not faster than the probing THz pulse length, the following proportionality holds [4] , [12] : (2) where is the transient transmitted THz spectrum (induced by the photoexcitation) and is the transmitted signal through the sample without excitation. In the case of probing a thin photoexcited layer one obtains more specifically [12] , [13] (3) where and are the refractive indices of the media surrounding the photoexcited layer, is the vacuum wave impedance and is the photon fluence (in cm ) entering the sample and absorbed ( where is the pump energy fluence in J/cm ). By comparing (1) and (3) one concludes that the left-hand side of (3) is equal to the yield-mobility product if the depolarization fields can be neglected. In this case the yield-mobility product can be reliably determined from the experimental spectra. The right-hand side of (3) will be very frequently used in our theoretical and experimental analysis; for this reason we introduce a new quantity proportional to the transient transmission of a thin film:
In the simplest case described by (3) , is simply equal to the normalized macroscopic conductivity. We will show later in this paper that this relation may become more complicated due to depolarization fields and will be related to the photoconductivity integrated over the excited layer. For this reason we call this quantity normalized transient sheet conductivity.
The interpretation of experimental data should encompass both the local fields in an inhomogeneous sample and the charge carrier response function . Our point is that the description of the two phenomena should be divided into separate steps and the task of the experimenter is then twofold: i) To develop a model able to transform correctly the measured macroscopic conductivity to the microscopic response function ; this model is usually based on some kind of effective medium approximation and consists in an evaluation of the depolarization fields in the inhomogeneous sample which are at the origin of the difference between the applied THz probing field and the local field acting on charge carriers. In the case of isolated photoconductive inclusions these phenomena can be described with the help of the concept of localized plasmons [13] . In a more general case such a model should take into account the form and filling fraction of the crystalline phase in the sample and possibly also the percolation pathways of its photoconductive parts. ii) To describe and understand the transport mechanism on a nanoscopic scale based on the spectra of . The description of can be based e.g. on the Drude or Drude-Lorentz models or on their phenomenological extensions like the Drude model modified by the distribution of scattering times [14] or the Drude-Smith model [15] , [16] . Alternatively, more elaborate microscopic models can be developed and applied; we proposed, e.g., Monte Carlo simulations of carriers scattered on nanocrystalline boundaries [17] , [18] or moving in an external potential [19] . A comprehensive review of available models has been published recently [2] . These important assessments cannot be made in any way from a single spectrum. Indeed, photoconductivity spectra can be experimentally determined for several temperatures and especially as a function of the photocarrier concentration over at least one order of magnitude; these two parameters are easily experimentally controllable and knowledge of the photoconductivity spectra for various and usually provides a much deeper insight into the underlying mechanisms. The magnitude of the permittivity change in the photoexcited parts of the sample (5) ( is the vacuum permittivity) substantially depends on the photocarrier concentration and, consequently, dramatic variation of the depolarization fields upon increase of is also expected. It was previously shown in the frame of a simple Maxwell-Garnett effective medium model that scaling of the depolarization fields modifies the measured spectra quite differently in the percolated and non-percolated case [3] .
In a number of papers a different approach is used where the spectra of macroscopic are directly fit with the Drude-Smith model [6] , [20] [21] [22] . The Drude-Smith parameters then carry information on the response of carriers as discussed in [17] or on the sample percolation. If, however, both the depolarization fields are large and the carrier response function has a non-trivial spectrum, the Drude-Smith parameters will describe both effective medium aspects and the mobility of charges at the same time; in addition, the values of these parameters will depend on . However, up to now, no discussion has been carried out in the literature on the physical meaning of such coefficients and the interpretation then remains on a purely phenomenological basis.
In this paper, we wish to study the dependence of experimental observables on in a more systematic way and we propose a solution of the task (i) specified above.
In Section II, we numerically solve Maxwell equations in the quasi-static limit and we determine the scaling of the local field effect with for various model structures (including percolated and non-percolated structures with simply curved chains of beads, fractal chains of beads and a structure containing a distribution of inclusion shapes). We show that a large class of samples showing complex percolation pathways can be described by an equivalent circuit model expressed by a simple formula depending on three parameters.
In Section III, we show in which manner our equivalent circuit model is connected to the Bergman representation of the effective medium and we provide a physical interpretation of parameters of the equivalent circuit.
In Section IV, we show that the experimental spectra depend only on the carrier response function and on the equivalent circuit parameters describing the effective medium effect. We propose a general formula to evaluate from . Finally, in Section V, our findings are experimentally demonstrated on TiO thin film systems prepared by sol-gel technique and by calcination of a nanoparticle network.
II. NUMERICAL EVALUATION OF DEPOLARIZATION FIELDS
In order to understand the role of depolarization fields in detail, we performed numerical simulations in 2D model structures with a constant real part and a variable imaginary part of the permittivity. This variable part can be understood as the transient contribution due to a photoexcitation and, taking into account the equivalence (5) between the permittivity and the conductivity, it can be identified with a real transient conductivity denoted . The effective response was calculated using FreeFem++, which is a programming language and software focused on solving partial differential equations using the finite element method [23] . First, by means of a convenient image processing procedure, the 2D structures were approximated by non-uniform triangular meshes [24] . In the second step the local electric field in the sample was calculated by solving quasi-static Maxwell equations with periodic boundary conditions and with an electric field applied in a particular direction. Finally, the calculated distribution of electric energy density was averaged over the whole sample and equated to the energy density of a film with a homogeneous (effective) permittivity (6) Here and denote the local permittivity and the local electric field, respectively, and is the volume average of electric field: . In Fig. 1 , we show pictures of the investigated structures. The matrix (white) has a permittivity equal to . In many works, porous semiconductor thin films are investigated and in this case the matrix is just composed of voids surrounding the nanocrystalline film; for this reason we put in the simulations. In the equilibrium state (step 1) the black parts possess a permittivity and the calculated effective permittivity is denoted as for each structure. In the photoexcited regime (step 2) the black parts have a permittivity and the calculation yields a macroscopic permittivity , where is the equilibrium effective value calculated in the step 1 and is a complex-valued change due to photoexcitation. corresponds to horizontal polarization (along percolated pathway) and to the vertical one (non-percolated direction).
In the following we describe the relation between and . We can understand the scaling of in our model as a scaling of the photocarrier density because, according to (1) and (5),
. At the same time the variation of can be, in agreement with (5), associated with its frequency dependence:
. For the sake of clarity, in the analysis of this section we assume the microscopic mobility to be real and independent of and ; this will allows us to simplify the discussion of the dielectric behavior. For at least partly delocalized carriers ( in the static limit) we can state that high corresponds to high photoexcitation and/or low-frequency probing and low corresponds to a low photoexcitation and/or a high-frequency probing. However, we emphasize that the validity of our model is not limited to this assumption which is not necessarily fulfilled for the experimental data.
The results of the calculations are summarized in Fig. 2 . Selected results related to simple chains are plotted in the upper row of Fig. 2 to demonstrate the trend of the response upon a change of a single percolated path in the unit cell. Structures containing two different percolation paths in the unit cell (double chains) were studied in order to estimate the role of combination of different chains on the effective conductive response. However, results concerning these structures do not exhibit any qualitatively new features compared to single chains and therefore they are not plotted in Fig. 2 . Fractal chains represent a series of structures with increasing complexity and chain length-their response is shown in the lower row of Fig. 2 . All these "mathematically ordered" structures were compared with percolated and non-percolated highly disordered structures (irregular structure in Fig. 1 ) to strengthen our arguments for a general impact of the results. Again we found that these irregular structures do not bring any qualitatively new feature to the effective response compared to simple chains.
The behavior can be understood in terms of an equivalent electrical circuit shown in Fig. 3 . The admittance (representing the effective transient conductivity of the sample) reads:
This formula describes well the observed change of the regime of the effective conductivity in the middle of the studied range of . In a percolated structure [electric field applied along in Fig. 1; Fig. 2(a) , (e)], a continuous more or less complex path exists across the structure and it is taken into account by the parallel resistance (inversely proportional to for each structure). If this part of the circuit dominates the effective transient conductivity of the sample is directly proportional to the microscopic transient conductivity of particles . Also the percolated part of the circuit yields a non-zero dc conductivity if . A capacitive coupling between some parts of the percolated path and between non-percolated inclusions may also contribute. This is taken into account by the branch in Fig. 3 , which contributes particularly when becomes high ( becomes low). Again, is proportional to while is constant and depends essentially on the pathway geometry and matrix permittivity. Since the effective capacitance of the sample is limited by the capacitance of the non-conducting matrix, shows a saturated behavior for high (i.e., for high photoexcitation or for low frequencies). The position of the elbow clearly observed in Fig. 2(a) , (e), which marks a change of the effective conductivity regime, then essentially depends on the magnitude of . The capacitance role can be illustrated by a comparison of Fig. 2(a) and (e). Geometries with dense narrow bridges between distant parts of the percolated path such as fractal structures exhibit a higher capacitance; consequently, the change of the conductivity regime occurs at clearly higher values of (i.e., at higher local conductivity and lower frequencies).
Non-percolated structures do not show any continuous conducting path and the resistance is thus missing in the equivalent circuit . For this reason, there is no real conduction for high which implies that decreases towards zero for growing . For low (low photoexcitation and/or high frequencies) the capacitive reactance is negligible compared to the real conductance and the effective transient conductivity is thus directly proportional to similarly as in percolated structures.
III. ANALYSIS WITHIN THE SPECTRAL FUNCTION REPRESENTATION
The equivalent circuit model can be further discussed within the framework of an analysis based on the Bergman spectral representation [25] . For a two-component system in equilibrium, the effective permittivity may be written as follows [26] : (8) where and are the percolation strengths of and components in the direction of the probing field, respectively; the integral represents the contribution of non-percolated clusters characterized by the depolarization factor and weighted by the spectral function . In the language of our previous analysis the integral in (8) can be regarded as a parallel connection of infinite number of branches with some specific properties and the weight of the percolated part is connected to the parallel resistance . We found in the previous section that a single branch is sufficient to describe the effect of depolarization fields. This leads us to an assumption that the spectral function can be approximated by a dominant peak for a single depolarization factor and we can simply write . The transient effective permittivity is then defined as the difference between the effective permittivities with and without photoexcitation: (9) which yields (10) where we have introduced:
(11) (12) In terms of the conductivity, taking into account (5), the expression (10) reads (13) which exactly corresponds to the admittance of the equivalent circuit given by (7) .
We fitted the calculated dependences on for all the structures studied with the model (10) that was shown to be equivalent to the circuit introduced in Fig. 3 and described by (7) . The fit yields coefficients , and which are a priori unknown for a given structure. Fig. 4 shows the residuals of these fits and their behavior allows us to conclude that in the majority of cases our simple model reproduces well the numerically calculated data. The residuals start to increase more substantially only for highly complex percolation pathways such as the fractal structures from Fig. 1 . This behavior is, however, expected to a large extent: there are high capacitances between parts of chains with a broad distribution of lengths and positions. In other words, there are several branches with a broad distribution of properties (i.e. several different depolarization factors come into play). It can be also seen in Fig. 4 that in the case of fractal structures a better match is obtained for the percolated structures, where a significant part of the response is captured by the more directly accessible coefficient , than for non-percolated ones.
An important point concerns a possible physical interpretation of the coefficients , and which characterize the equivalent circuit of the effective medium approximation. The coefficient directly describes the contribution of the percolated part to the effective conductivity whereas the meaning of the coefficients and (related to the branch) is less straightforward. In our analysis we approximated a possibly complex spectral function by a single delta-peak at the position :
A question now arises whether the position of this peak, as determined from the experiment by means of the parameter , may reveal some important properties of the sample nanostructure.
To investigate this, we reconstructed the spectral function of each model structure by using a calculation described in Appendix A. In Fig. 2(c), (d) , (g), (h) the positions of the main peaks of the spectral function are compared to the values evaluated from the parameter with the help of (14). We observe that the calculated depolarization factors reasonably agree with the position of the first peak in the spectral function (i.e. of the peak with the smallest ), but not necessarily with the biggest one. This can be explained as follows. We observe that the dependence mainly reflects the conducting properties of the structure if there are any. It means that is sensitive to the existence of direct percolation paths (formally ) and to the response of structures with low which are essentially continuous features with narrow interruptions. In contrast, large depolarization factors determine mainly the capacitive response which can be hardly retrieved in our model with a single RC resonance and for its description it would be necessary to introduce additional parallel RC terms. In this context it should be stressed that these higher resonances observed in the plots of the spectral function in Fig. 2(c), (d) , (g), (h) contribute only little to the permittivity and this contribution can be hardly detected in the case of positive .
The determination of the coefficients and of the dominant depolarization factor from the experimental data then seems to have a good physical sense if the spectral function contains a single peak with low substantially higher than any features close to . We discussed in detail the macroscopic response of the inhomogeneous sample upon photoexcitation where is purely imaginary. Let us stress, however, that our model based on (13) is also valid for a complex-valued transient permittivity (i.e. with a finite real part). Indeed, in our analysis we consider a dielectric or semiconductor material with a positive equilibrium and poles in the argument of the integral in (8) do exist only for a negative . The photoexcitation thus cannot bring the total permittivity significantly closer to the poles. In this regime, no qualitatively new behavior is expected in comparison with the effective macroscopic responses shown in Fig. 2(a), (b) , (e), (f). In this sense, considering that in (13) can be complex, the resistances and in formula (7) and in the equivalent circuits depicted in Fig. 3 can be understood as impedances and of the percolated and non-percolated parts. Their possible frequency dispersion is then related to the microscopic transport mechanisms defined by the dispersion of . Equation (13) explicitly dismantles the problem into two parts specified in the introduction. Task (i) related to the description of depolarization fields is reduced to determination of coefficients , , and and task (ii) aiming the understanding of the nanoscopic charge transport consists in the modeling of the microscopic conductivity . Finally, let us note that Maxwell-Garnett effective medium model is a special case of the Bergman representation with a single peak in the spectral function occurring at the depolarization factor value for spherical inclusions [27] , where is their filling factor (in the case of higher filling factor it is known as Hashin-Shtrikman model). It can be easily shown that the Maxwell-Garnett model can describe two types of structures: non-percolated photoconducting inclusions in a percolated insulating matrix, and inversely, non-percolated insulating matrix voids in percolated photoconducting clusters of inclusions. The corresponding mathematical expressions are equivalent to (13)-cf. (13) and (14) in [3] . Comparison of these equations also permits determining the coefficients , , and in the Maxwell-Garnett approximation. However, let us point out that this model cannot describe structures, in which both materials are percolated.
IV. ROLE OF THE EFFECTIVE MEDIUM IN PUMP-PROBE EXPERIMENTS
Up to now, we have shown that for many geometrical layouts of percolated and non-percolated photoconductive samples, the effect of depolarization fields can be expressed by a simple model (10) with 3 real parameters , and . The aim of this paragraph is to show the way how to apply our model to experimental data. To achieve this we need to estimate the role of microscopic parameters in the macroscopic response and the role of inhomogeneous distribution of carriers in the sample.
In real samples there may be several types of inclusions with different size, structure or phase (e.g. amorphous vs. crystalline); even if these types of inclusions (from now on denoted by index ) possess the same or very similar equilibrium permittivity value , each one may need to be characterized by a different photoconductivity mechanism (i.e. different yield-mobility product spectrum denoted by ). Then we need to distinguish between the percolation strengths corresponding to these individual components:
(15) Fig. 5 . Illustration of the depth profile of effective when the pump photon density (and, consequently, excitation density and microscopic conductivity ) are scaled. At low photoexcitation level follows the exponential absorption law ; at medium and high pump a saturation of close to the irradiated surface occurs following (13) . Also the spectral function is then approximated by a sum of a few delta functions (16) and we obtain (17) where and were defined by (11) and (12), respectively, and are transient microscopic permittivities of the individual components. Equations (10) and (17) have an important practical impact. We expect that this is a good phenomenological approximation describing the effect of depolarization fields in many structures encountered in real samples.
To interpret the experimental data, it is usually assumed that the transient conductivity of photoexcited samples decreases exponentially with depth; this condition naturally arises from the exponential Lambert-Beer absorption law for the pump beam. Note that, for example, (3) was derived under this assumption [12] . However, as it was also pointed out previously [3] , the effect of strong depolarization fields leads to a nonlinear behavior of the effective permittivity or conductivity in the non-percolated case. The nonlinear character of (17) in or of (13) in is clearly seen. This nonlinearity causes a deviation of the depth dependence of the effective conductivity from the exponential law for complex sample morphologies. In particular, for high excitation densities the effective conductivity or permittivity corresponding to the non-percolated part in (17) may saturate close to the irradiated surface despite the fact that some of grow with the absorbed pump fluence. This is because the term will dominate in the denominator of (17) . In contrast, at low photoexcitation level will be proportional to . This behavior is illustrated in Fig. 5 . For this reason, we derive an expression accounting for this behavior. We start from [12, eq. (30)]-cf. also with (3)-which is valid for an infinitesimally thin photoexcited layer. The total transient transmittance then reads (18) where is the thickness of the thin film sample and where is calculated from given by (17) with ; is an effective absorption coefficient of the excitation beam in the composite sample. It is assumed that all the pump power is absorbed in the sample, i.e., . We express the result of the integration in (18) in a convenient form as the normalized transient sheet conductivity [cf. with (3), (4)] (19) where is the optical absorption coefficient in the th component and (20) Equation (19) is the crucial result of our theoretical analysis. It relates the directly measurable transient transmission at the left-hand side with the microscopic transport response functions (yield-mobility products of photoconductive components) and with the coefficients related to the equivalent circuit in Fig. 3(a) accounting for the effective medium effect.
Note that (19) approaches the form of (3) in two cases: (a) the contribution of the non-percolated part is negligible or (b) the local photoinduced permittivity is low . In the latter case the second term in square brackets in (19) also becomes simply proportional to . In both these cases the normalized sheet conductivity will not depend any more on . Note also, that unlike (3), (19) requires the knowledge of the absorption coefficients (of individual components and of the sample as a whole) and it essentially depends on the morphology of the system.
V. EXPERIMENTAL RESULTS
Macroporous titania thin films were fabricated by a co-assembly of different titania precursors and polymethylmethacrylate (PMMA) beads with the size of 320 nm used as templates for the porosity. Three types of titania films deposited by spin coating and assembled from titania precursor with different crystallinity were investigated experimentally. The films denoted as were assembled from crystalline TiO nanoparticles with the size of 20 nm ( precursor), the films denoted as were assembled from the sol-gel derived amorphous titania ( precursor), and the films denoted -were prepared by a "brick and mortar" approach from and precursors ( -precursor). A more detailed description of the precursor solutions preparation is provided in Appendix B. Dried films were heated in air for 1 hour at 400 C (achieved with a slow heating ramp of 1 C/min) to remove the PMMA template, resulting, after calcination, in macroporous thin semitransparent titania films which slightly scatter the visible light. The average thickness of the films is about 1 m. Films obtained from all precursors have an open macroporous morphology with a uniform pore size of 250 nm but rather low periodicity of the pore ordering (Fig. 6) . The resulting titania scaffold is actually a negative replica of the cubic close packed PMMA spheres. All the titania films obtained after calcination at 400 C are crystalline corresponding to the anatase phase. An average size of the crystalline domains in all the samples is 20 4 nm as estimated from the XRD peak broadening. Although the crystallite size in the titania films obtained from different precursors is similar, their connectivity in the titania scaffold is different. As it can be seen from the SEM images in Fig. 6 , the walls of the and -titania scaffolds are compact, while the walls of the sample are formed by loosely packed crystalline nanoparticles.
Transient THz conductivity spectra were measured in a usual setup for time-resolved THz spectroscopy [4] driven by a Ti:sapphire laser amplifier (Spitfire ACE, central wavelength 800 nm, 1 mJ pulse energy, 5 kHz repetition rate). A part of the laser beam was frequency tripled and the resulting wavelength of 266 nm (4.66 eV) was used to generate conduction-band charges in the investigated samples. The pump beam was defocused in order to produce a homogeneous excitation of the probed part of the sample: 15% of the pump power passed through an empty 3 mm aperture which was attached to the back face of the sample during the pump-probe experiments. The penetration depth of the radiation at 266 nm in a bulk TiO is 20 nm. It means that the highest excitation flux of 3.3 10 photons/cm used in our experiments would produce an excitation density of cm in bulk TiO .
The pump beam intensity incident on the sample was varied by means of beamsplitters with a variable transmittance for 266 nm. The accumulation of THz transient transmission spectra for the lowest pump fluences took up to 24 hours. In Fig. 7 , we show the normalized transient sheet conductivity (19) for THz probing 10 ps after photoexcitation. One clearly observes a marked dependence of this signal on the pump photon fluence in the and -samples whereas only a minor evolution of the spectral shape is seen in the sample. In the following considerations, we will neglect a possible dependence of the microscopic mobility on the excitation density, as in other works on TiO nanocrystals it was shown to be negligible in the range of the used excitation intensities [28] , [29] . This is to say that we assume the observed dependence of the normalized transient sheet conductivity on the excitation density to be entirely governed by depolarization fields in the samples. We examined two simple models, which differ by the mechanisms of the microscopic mobility. The starting point of our analysis is (19) as the main result of our effective medium theory where the model behavior of the mobility is injected. 1) At the first sight, a suitable model consists in the assumption that microscopic charge mobility is controlled by localization-modified Drude model calculated by Monte Carlo simulations [17] . In order to make fitting of the data easier in our first approach, we approximated the microscopic mobility behavior by the Drude-Smith model similarly as it was shown in [17] . In such a case, we obtained very good fits of the measured data with the following Drude-Smith parameters: Drude-Smith scattering time reaching 60-80 fs, and the backscattering coefficient close to 1. However, the Drude-Smith scattering time is unrealistically long. In [17] it was shown that must be shorter than the bulk momentum relaxation time; our results then would imply bulk mobilities exceeding 100 cm V s . This value has to be compared with the dc mobility in a good-quality anatase crystal (20cm V s [30] ) and with the THz mobility in anatase micro-and nanoparticles (3.6 cm V s [29] ). In addition, the observed amplitudes of the normalized transient signal are very low. This would require a very low quantum yield of free charges (e.g., 1.4% in the sample and 0.1% in the sample) or a quite small value of , where is the absorption coefficient in bulk anatase and is the absorption coefficient of the sample as a whole (including defects, voids, and organic rests). Although there may be strong absorption on defect states or on rests of the organic vehicle, such small yields would imply that anatase forms a minority phase in the samples. Based on these considerations the model does not seem to be plausible. 2) In the second model, we considered that microscopic mobility is governed by two conduction mechanisms: hopping (described by the Dyre random free-energy barrier model, [31] ), and band-like conduction (with the Drude behavior).
The fits converged to the situation where the band-like conduction (denoted by index ) takes place in non-percolated parts, i.e. it is described by the second term at the right hand side of (19) . Concerning the hopping conduction (denoted by index ), its contribution was found to be linear, i.e., in terms of (19) . This means that the hopping should occur along the percolated pathways and/or the logarithmic term describing the contribution from non-percolated parts is reduced to a linear one. As discussed above, this last contribution may occur when the local photoinduced permittivity is quite low . We will come back to this discussion after the presentation of the fit parameters: their values will allow us to estimate the weight of these two contributions. We start our analysis with a simplified formula (19) : (21) Only some of the parameters in (21) can be determined independently from the experiment. Taking into account the expression (20) , the frequency dependence of -see [32, eq. (1)]-and that of , we rewrite formula (21) in the following form which was used for the fitting of the experimental data: (22) The relevant fitting parameters are described in Table I . The time represents the longest waiting time found in the system; it is well below the THz range and cannot be determined from our fits. The Drude momentum relaxation time was fixed to 1 fs: the spectrum of is then flat and its imaginary part is negligible compared to the real part. A variation of the value of up to 20 fs does not change significantly the shape of the spectral response and it leads merely to an amplitude scaling of the Drude microscopic mobility (up to cm V s ); this ensures that our fit is compatible with the dc mobility of anatase. The maximum hopping frequency is of the order of phonon frequency [33] , in agreement with the assumptions of the hopping model [31] .
Note that the model contains only four free parameters to fit a set of 10 spectra for each sample. For both very high and very low pump fluences the normalized transient sheet conductivity (22) does not depend on ; in the high excitation limit is merely due to the hopping contribution while in the low excitation limit is given by a sum of the hopping and a simple Drude term. For the highest pump fluence we used, the amplitude of the spectra is accounted for by while their shape is set mainly by . The parameter determines the characteristic value of excitation density above which the shape of the spectrum starts to change (the contribution of the Drude term starts to diminish), whereas the parameter describes the strength of this change. There is no free parameter controlling the change of the spectral shape with excitation fluence; this dependence stems directly from the application of the effective medium approximation.
The results can be understood as follows. The conduction in bare nanoparticles is dominated by the hopping mechanism. On the one hand, this result is intriguing in the light of observation of band-like transport in TiO nanoparticles prepared in various ways [9] , [28] , [34] , [35] . On the other hand, experiments in Nb-doped TiO nanoparticles showed that the hopping conduction mechanism can have an important role in these systems as well [32] . Comparison of all these results indicates that the mobility level and the underlying conduction mechanism of microscopic mobility are dramatically dependent on the method of nanoparticles fabrication. Our results suggest that the nanoparticles under study exhibit a very low mobility of electrons compared to the above references.
In order to analyze the hopping transport more in detail, we estimate the parameter for reasonable values of . Under these conditions the term is substantially smaller than 1 for cm V s . Taking into account these estimations we finally find that the contribution of the non-percolated parts to the effective hopping conductivity in (21) must be much smaller than 0.01 cm V s (one can estimate that for ) which is quite negligible with respect to the values of the parameter in Table I . We conclude that hopping occurs along the percolated paths in all the samples.
The contribution of hopping in titania in the percolated phase is about an order of magnitude higher than that in sample. In addition, we observe that the measured normalized transient sheet conductivity is pump intensity dependent which suggests a non-negligible Drude-like conduction in the non-percolated phase. It is possible that the sol-gel derived titania network contains on one side closely packed nanocrystals in which the hopping dominates and, besides that, a very small amount of "better quality" crystalline titania phase with band-like conduction. The mobility in such clusters could be several orders of magnitude higher than that of the hopping conductivity; this implies that even a very small amount of such clusters may lead to a signal comparable with the hopping contribution which has a very small mobility. The fits of the experimental data provide very similar values of and for the Drude-like contribution (Table I) . It means that the coefficients and of (21) should acquire similar values. This condition is met approximately for -. We have recently observed a very similar two-component behavior in a system of nanocrystalline silicon where some sparse larger Si grains with high band-like mobility are also observed [36] .
Finally, the properties ofsample lie somewhere between the properties of the and samples. The hopping frequency is very close to that found in sample, which corroborates the view that the porous titania phase still dominates the conductivity. We observe that the hopping amplitude decreases by a factor of 4, which is not surprising if we take into account the fact that a relatively well conducting sol-gel derived titania network is now completed by poorly conducting nanoparticles. The presence of the Drude component shows that the large crystalline phase found in sample does exist also in -sample.
VI. CONCLUSION
Retrieval of local photoconductive properties of nanostructured and disordered semiconductors is a tricky task due to the inherently inhomogeneous nature of samples. The effective photoinduced conductivity measured in time-resolved THz experiments features a medley of two effects: effect of depolarization fields and that of the charge carrier transport on the nanoscale. In this paper we proposed a way to extract both of them quasi-independently without ad hoc assumptions about the sample nanostructure and percolation state and without further excessive numerical modeling for each particular sample.
We performed extensive numerical simulations of the local field distribution in a large number of model structures; the results allowed us to set up an effective medium model able to describe a macroscopic response of a broad class of percolated and non-percolated structures by means of three parameters accessible experimentally. To benefit from this analysis the THz experiments must be carried out as a function of the excitation density (optical pump pulse fluence). The normalized transient transmission function (19) depending on the frequency and on the excitation density is then expressed as a function of the microscopic mobility of carriers and three effective-medium parameters. Our method is demonstrated on a series of TiO thin films: the local transport mechanisms were successfully uncovered for these samples.
APPENDIX A RECONSTRUCTION OF SPECTRAL FUNCTION
The reconstruction of the spectral function of each model structure was performed with the help of the numerical calculations described in Section II. The argument of the integral in (8) exhibits a pole at some for any negative value of . This pole corresponds to a localized plasmon resonance and constitutes a dominant contribution to the effective permittivity. We formally substitute (23) into (8) ( is a very small positive number); it follows [37] that we can retrieve the spectral function at any value : (24) where is the numerically calculated effective permittivity of the structure for the appropriate negative . In other words, to retrieve the spectral function for a specific depolarization factor , we must calculate for negative given by (23) . In this way the spectral functions were calculated for all the structures ( in our numerical calculations) and the results are shown in Fig. 2(c), (d) , (g), (h). We point out that a detailed discussion based on this formalism has been already carried out in the literature ( [38] and references therein) aiming at a retrieval of the spectral function from the experimental data obtained in a reststrahlung band of the material where reaches negative values.
APPENDIX B SAMPLE PREPARATION
PMMA Nanoparticles: The nanoparticles with the size of 320 nm were synthesized via an emulsion polymerization route described elsewhere [39] . In brief, potassium peroxodisulfate K S O (56 mg) in 2 mL water was injected in a mixture of sodium dodecylsulfate (5.6 mg) and methylmethacrylate (35.5 g) in 98.0 mL water to initiate polymerization. The reaction mixture was stirred for 2 h at 90 C, then exposed to air and cooled with an ice bath. The colloidal solution was stirred over night, filtered over glass wool, washed three times by centrifugation and redispersion in water and dried to obtain PMMA powder.
np Precursor Solution: Crystalline anatase nanoparticles were prepared according to a procedure described elsewhere [40] . In brief, a mixture of 9.47 g titanium isopropoxide and 1.90 ml acetic acid (conc.) was hydrolyzed by 48.5 ml water to form a white precipitate; afterwards 4 ml of nitric acid (conc.) was added and the mixture was refluxed for 75 min. After addition of 0.44 ml of water the mixture was transferred to a PTFE-lined autoclave and left at 250 C for 12 hours. The reacted mixture containing a white precipitate was ultrasonicated for 1 hour after addition of 0.40 ml of 65% nitric acid and then concentrated by a rotary evaporation. The titania nanoparticles were washed three times with absolute EtOH by repetitive redispersion and centrifugation. For the preparation of the solutions for spin-coating, 325 mg of dried PMMA nanoparticle was added to a dispersion of 100 mg of the titania nanoparticles in 4 mL absolute ethanol and the solution was stirred overnight.
sg Precursor Solution: PMMA nanoparticles (325 mg) were well dispersed in 4 mL ethanol by ultrasonication for several hours, then tetraethylorthotitanate (TEOT, 0.36 g) was added and the mixture was stirred for another hour at room temperature. Finally, 230 L of 37% HCl was added and the solution was freshly used for spin-coating without any additional aging.
sg-np Precursor Solution: A mixture of titania nanoparticles (70 mg) and PMMA nanoparticles (325 mg) in 4 mL ethanol was stirred overnight, afterwards 108 mg of TEOT was added and the mixture was stirred for 1 h at room temperature. Finally, 69 L HCl (37%) was added to obtain the final mixture for spin-coating.
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